The protooncogene c-kit encodes a receptor tyrosine kinase (3, 17, 22) , and the ligand for the c-kit receptor has been identified as the Sl factor (SLF) (1, 5, 20, 23) . The interaction of c-kit receptor and SLF is necessary for migration, proliferation and differentiation of germ cells, melanocytes, mast cells and erythrocytes (7-9, 11, 18) . The spatial expression of c-kit and SLF mRNAs has, been studied in embryo and adult tissues (4, 6, 10, 12, 13) . Strong expression of these mRNAs has been detected in the central nervous system and some peripheral ganglia of mice and rats (6, 10, 13) . In the central nervous system of rats, we reported pairs of structures in which mRNA of either c-kit or SLF was expressed and between which synaptic connections had been described (4) . The cerebellum is a particularly interesting tissue because histogenesis of the cerebellar cortex has been extensively studied, and only five types of neurons are present in the cerebellar cortex.
Moreover, connections among these neurons have been determined with electrophysiological techniques.
In the previous report, we described that stellate and basket cells expressed ckit mRNA and that Purkinje cells expressed SLF mRNA (4, 12) . On the other hand, Motro et al. (13) reported that glias in the cerebellar cortex expressed the c-kit mRNA. In the present study, we attempted to identify cell types that express c-kit mRNA by comparing their location to that of cells that expressed mRNA of glutamic acid decarboxylase (GAD). In addition to in situ hybridization studies, we also used anti-c-kit antibody to examine the localization of the ckit protein.
MATERIAL AND METHODS

Animals and tissue preparation
The mice of C57BL/6 were raised in our laboratory.
Mice of various ages were anesthetized Hybridization was carried out as described (15) , with minor modifications. Frozen sections were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 20 min. Then, they were treated with 0.2 N HCl for inactivation of internal alkaline phosphatase, and were acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine pH 8.0 for 10 min. They were dehydrated with ethanol series and air dried. The hybridization solution contained 50% deionized formamide, 10% dextran sulfate, 1 X Denhardt's solution, 600 mM NaCI, 10 mM DTT (dithiothreitol), 0.25% SDS, 150 ug/ml of Escherichia coli tRNA and approximately 0.5 ig/ml of RNA probe. 50 ul of hybridization solution was placed on each section, and it was covered with siliconized coverglass and incubated at 50°C for 16 hr in a moisture chamber. After hybridization, the slides were washed in 5 X SSC (1 X SSC =0. 15 M NaCI, 0.015 M sodium citrate) briefly and in 50% formamide, 2 X SSC for 30 min at 50°C. RNase A treatment (10 pg/ml) was carried out at 37°C for 30 min. The slides were treated with 2 X SSC and 0.2 X SSC for 15 min. twice at 50°C. Hybridized digoxigenin-labeled probes were detected by Nucleic Acid Detection Kit (Boehringer Mannheim GmbH Biochemica, Mannheim, Germany) according to the manufacturer's instructions. After color reaction, the slides were rinsed with 10 mM Tris HC1 pH 8.0, 1 mM EDTA and mounted with or without counterstaining by safranin 0.
Controls included (1) hybridization with the sense (mRNA) probe, (2) RNase A treatment (20 pug/ml) prior to hybridization, (3) use of neither antisense RNA probe nor anti-digoxigenin antibody. All three experiments showed no positive signals.
Immunohistochemistry
The rat monoclonal antibody (MoAb) against the extracellular domain of mouse c-kit protein (hereafter called ACK2 MoAb) was kindly given by Dr. S. I. Nishikawa (Kumamoto Univ.) (16) . The rat monoclonal antibody against P400/inositol 1,4,5-triphosphate receptor (hereafter called anti-P400 MoAb) was kindly given by Dr. K. Mikoshiba (Tokyo Univ.) (14) . Sections were fixed with cold-acetone for 10 min (ACK2) or with periodate-lysine-paraformaldehyde for 1 hr (anti-P4oo MoAb). Sections were incubated for 1 hr at room temperature with phosphate buffered saline (PBS) containing 1 % normal rabbit serum and then incubated with antibodies at 4°C for 16 hr. Control preparations were exposed to normal rabbit serum instead of primary antibodies. After the incubation with anti-P4® MoAb, sections were incubated with biotinylated rabbit antirat IgG (1: 300) (DAKO-PATTS a/s, Copenhagen, Denmark). Bound antibodies were detected with a Vectastain ABC Kit (Vector, Burlingame, CA, USA), and developed with 0.05% diaminobenzidine/0.02% H2O2 solution at room temperature. After the incubation with ACK2 MoAb, sections were incubated with fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat IgG (1:40) (DAKO-PATTS a/s, Copenhagen, Denmark). A confocal laser scanning microscope (Olympus LSM-GB200, Tokyo, Japan) was used for detecting FITC-labeled antibodies.
RESULTS
Frozen sections were prepared from the cerebellum obtained from C57BL/6 mice of various ages (i.e., days 2, 4, 6, 10, 14 and 21 after birth). Five adjacent sections were cut; the first section was stained with anti-P400 MoAb, the second one was hybridized with SLF cRNA, the third one with GAD cRNA, the fourth one with c-kit cRNA, and the fifth one was stained with ACK2 MoAb.
On day 2 after birth, the cerebellar cortex had three laminal structures; an external granular layer composed of proliferating cells, an internal granular layer resulting from the migration of cells from the external granular layer, and a thin molecular layer between the external and internal granular layers. Purkinje cells were identified with anti-P400 MoAb (Fig. 1A) . As shown in Fig. 1B , SLF signals were localized on Purkinje cells. Purkinje cells expressed GAD mRNA as well (Fig. 1C) . Cells that express ckit mRNA were observed in the internal granular layer just beneath Purkinje cells (Fig. 1D ). In the cerebellar cortex, GAD is known to be expressed by Purkinje, Golgi, stellate and basket cells, but not by granule or glial cells (19) . However, in the cerebellum of 2-day-old mice, GAD mRNA was detected only in two types of cells (Fig. 1C) . One type of cells was identified to be Purkinje cells that expressed SLF mRNA (Fig. 1B) . The other type of cells was smaller than Purkinje cells and was located just beneath the Purkinje cells (Fig. 1C) . Therefore, the c-kit-expressing cells in the internal granular layer were identified as Golgi cells. On day 4 after birth, SLF mRNA was expressed by Purkinje cells alone, and c-kit mRNA was expressed by Golgi cells alone. The magnitude of SLF and ckit signals was comparable to that of signals observed on day 2 after birth.
On day 6 after birth, vigorous cell proliferation was still observed in the external granular layer. Molecular and internal granular layers became thick due to the increase of synaptic connections and the migration of cells from the external granular layer. SLF signals were restricted to Purkinje cells, but c-kit signals were observed in two types of cells; Golgi cells that were located in the internal granular layer and the other type of cells that located in the molecular layer. GAD mRNA was also detectable in the c-kit-expressing cells which were located in the molecular layer. The cells which expressed both c-kit and GAD mRNAs were considered to be basket cells because they were found near Purkinje cells.
On day 10 after birth, SLF mRNA signal was observed only on Purkinje cells. c-kit mRNA signal was detected on Golgi cells in the internal granular layer and basket cells in the molecular layer. In the molecular layer, the number of c-kit positive basket cells increased when compared to the number observed on day 6 afterbirth.
On day 14 after birth, Purkinje cells appeared to mature morphologically; dendrites of Purkinje cells grew up into the molecular layer (Fig. 1E) . SLF and GAD mRNA signals were observed on Purkinje cells (Figs. 1F, G) . c-kit mRNA signals were detected on Golgi cells in the internal granular layer and on basket cells in the lower half of the molecular layer (Fig.  1 H) . The number of c-kit-expressing cells increased in the molecular layer. Moreover, the distribution of c-kit-expressing cells reached to the upper half of the molecular layer. Since these c-kit-expressing cells in the upper half of the molecular layer expressed GAD mRNA as well (Figs. 1G, H) , we considered them to be stellate cells.
On day 21 after birth, the cerebellar cortex acquired the same configuration as observed in the cerebellum of adult mice. The external granular layer disappeared, and the internal granular layer became thick as a result of the cell migration from the former to the latter. Purkinje cells continued to express SLF mRNA (Fig. 11) , and Golgi cells in the granular layer and basket and stellate cells in the molecular layer continued to express c-kit mRNA (Fig. 1J) .
We attempted to demonstrate the presence of c-kit proteins throughout the cerebellar development, but no particular c-kit-positive cells and structures were detectable by the immunohistochemical technique until day 14 after birth. Faint c-kit-positive structures were observed in the internal granular layer just beneath Purkinje cells on day 14 after birth. The magnitude of the fluorescence much increased on day 21 (Fig. 1K) . The ACK2-positive structures were considered to be a group of synapses between basket cells and Purkinje cells called "pinceau" . Moreover, whole molecular layer was stained faintly with ACK2 MoAb. No specific immunostaining was seen when the antiserum was replaced by non-immune rabbit serum.
DISCUSSION
We studied cell types that expressed SLF and c-kit mRNAs in developing murine cerebellum. The Neither c-kit nor SLF mRNA was detected in the external granular layer, where vigorous cell proliferation occurred. Although c-kit and SLF are shown to be involved in the proliferation of germ cells, melanoblasts, mast cells and erythroid precursor cells (7-9, 11, 18) , the cells proliferating in the external granular layer of the cerebellum do not appear to use signals mediated by c-kit and SLF. All of the c-kit-expressing cells in the cerebellum form synapses with Purkinje cells that express SLF. Therefore, we examined the localization of the c-kit protein using ACK2 MoAb. Cell bodies of Golgi, basket and stellate cells were not stained by ACK2 MoAb. However, basket-like synapses between Purkinje and basket cells, called "pinceau" (2) , were strongly stained. In addition to the strong binding of ACK2 MoAb to pinceau, weak binding of ACK2 MoAb was also observed throughout the molecular layer. This weak binding may represent synapses between Purkinje and Golgi cells and between Purkinje and stellate cells. The present result suggests that c-kit receptor and SLF may be involved in the formation of synapses in the cerebellum.
